Introduction
Control of T cell survival is essential for an adequate immune response (1) . Throughout their life span, T cells find themselves in different cellular niches, where they may be resting or proliferating. The proliferative state is particularly stressful, since it may confront the T cell with DNA damage and deprivation of nutrients and/or oxygen, which are circumstances that potentially induce apoptotic cell death (2) . In this light, it can be appreciated that various extracellular signals cooperate to regulate T cell survival. To receive these survival signals, T cells are equipped with an array of cell surface receptors that dynamically alters throughout the T cell response. The TCR, cytokine receptors and costimulatory receptors are particularly important in this respect (1) (2) (3) (4) .
T cell priming takes place in lymph nodes and spleen, which receive the antigen by means of DC delivery. Entry into the G 1 phase of the cell cycle requires engagement of the TCR by MHCpeptide complexes (5, 6) . This occurs in the context of T cell-DC communication, during which the DC also delivers costimulatory signals. Immature DCs express low levels of CD80 and CD86, which are upregulated upon DC activation (7) . CD80 and CD86 are the ligands for CD28, a costimulatory receptor that signals by a similar mechanism as the TCR (5) . TCR and CD28 signaling in conjunction set the threshold for T cell entry into S phase and actual cell division (8, 9) . Data support the view that CD28 is a signal amplifier required for priming when TCR input is low, but not under conditions of high-dose antigenic stimulation (5, 6) . Apart from initiating cell division, CD28 signals counteract apoptosis and regulate cell metabolism (6, 10) .
CD28 signaling leads to increased expression of IL-2, a cytokine that is characteristically made by activated T cells (10) . IL-2 can drive cell cycling via its multicomponent receptor, which in the high-affinity state consists of a unique α chain (CD25) and β and γ chains that are known to also be part of other IL receptors (3, 11) . IL-2 has long been seen as the key mediator of cell cycle progression and T cell clonal expansion. However, TCR and CD28 signaling can also directly drive the cell cycle machinery and allow for IL-2-independent clonal expansion (8, 9, 12) . Whereas in vitro systems generally reveal a necessity for IL-2 in clonal expansion of primed CD8 + T cells, it is now clear that the requirements in vivo are distinct (13, 14) . In priming lymphoid organs, IL-2 is not required for initial division of CD8 + T cells, but it becomes essential during the late stage of expansion and is particularly important for maintenance of the effector CD8 + T cell pool at tissue sites (12, 15, 16) .
Apart from CD28, certain members of the TNF receptor family are important mediators of T cell costimulation, including CD27, 4-1BB, and OX40. TNF receptor family members employ a signaling mechanism that is distinct from the mechanism used by the TCR and CD28. They link to TNF receptor-associated factor (TRAF) family adaptors, which stimulate NF-κB and c-Jun kinase signaling pathways (4) . The NF-κB pathway is well known for its antiapoptotic effects, which proceed via transcriptional upregulation of Bcl-2 family members, c-Flip, and inhibitor of apoptosis proteins (17) . In addition, these receptors may also activate the antiapoptotic protein kinase B pathway (18) . The TNFrelated membrane-bound ligands of CD27 and related receptors are expressed on DCs, B cells, and T cells in a transient manner that depends on inflammatory and antigenic signals (4, 19) . They therefore typically act in the context of an immune response. Many of the receptors are also induced upon immune activation. CD27, however, is already expressed on naive T cells and plays an important part during T cell priming (20) .
Interaction between CD27 and its ligand CD70 is essential for the generation of a CTL effector pool after infection with various viruses, including influenza, vaccinia, and vesicular stomatitis virus (19) (20) (21) (22) . Upon intranasal infection with influenza virus, CD28 and CD27 made an equal contribution to clonal expansion of primed CD8 + T cells in the lung draining lymph nodes (DLNs). Moreover, CD27 was more important than CD28 for the accumulation of CD8 + T cells at the site of infection (20) . In this mouse influenza virus infection model, CD27 sustained survival of CD8 + T cells throughout clonal expansion and at the tissue site but did not influence cell cycling (20) . The survival signaling induced by CD27 is very potent, since transgenic expression of CD70 on steady-state DCs or B cells induced the (TCR-dependent) conversion of naive CD4 + and CD8 + T cells into effector cells, in the absence of deliberate immunization (23) (24) (25) . Transgenic expression of CD70 on steady-state DCs could also break CTLA4-and PD1-dependent CD8 + T cell tolerance and convert it into potent antiviral (lymphocytic CMV) and antitumor immunity (23) . The concept that emerges from this work is that CD27 signals, when superimposed on weak TCR/CD28 signals, keep activated T cells alive and allow them to differentiate into effector cells, whereas they would otherwise be deleted.
To elucidate the mechanism of CD27-mediated prosurvival effects, we employed genome-wide expression profiling of activated CD8 + T cells. We found that Il2 is a key CD27 target gene both in vitro and in vivo and that IL-2 is the mediator of CD27-directed CD8 + T cell survival during clonal expansion in vitro. Using genetic reconstitution of primary T cells and adoptive transfer in an influenza virus infection model, we demonstrate that CD27 mediates the survival of CD8 + effector T cells at the tissue site by stimulating autocrine IL-2 production.
Results

CD27-CD70 interactions promote survival of primed CD8 + T cells in vitro.
To define the mechanism of CD27-mediated CD8 + T cell survival, we made use of an in vitro stimulation system. Engineered mouse fibroblasts that present OVA 257-264 peptide in the context of H-2K b (26) were equipped with CD70, CD80, or both and used as artificial APCs (aAPCs) ( Figure 1A ). As responder cells, H-2K b /OVA 257-264 -specific OT-I TCR transgenic T cells were used that were either WT or genetically deficient for CD27. This experimental protocol allowed us to examine the contribution of CD27 costimulation to CD8 + T cell priming in the presence or absence of CD28 input. OT-I T cells were labeled with CFSE, cocultured with the aAPCs for 20 hours, and subsequently cultured in the absence of these cells. At 72 or 96 hours after initiation of stimulation, T cell yield, viability, and division were determined. As shown previously for murine CD8 + T cells after in vitro stimulation with anti-CD3 and -CD28 mAb or after in vivo priming by influenza virus infection (20) , CD27-CD70 interactions promoted overall live cell yield but did not detectably impact on cell cycle entry or activity of primed CD8 + T cells ( Figure  1 , B and C): the extent of OT-I T cell division based on CFSE dilution was equal in WT and Cd27 -/-OT-I cells at all time points examined ( Figure 1B and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI40178DS1). However, at both 72 and 96 hours, live WT OT-I cells had accumulated to greater numbers than Cd27 -/-OT-I cells ( Figure 1C) . A similar contribution of CD27-CD70 interactions to accumulation of live OT-I T cells was seen when WT OT-I cells were stimulated with CD80 + aAPCs that did or did not express CD70 ( Figure 1C ). In this experimental system, OT-I T cells did not expand unless CD28-CD80 interactions were in place (data not shown). In summary, CD27-CD70 interactions significantly increased the survival of primed OT-I T cells, as determined by varying either responder T cells or aAPCs. These results indicated that the experimental sys- tem faithfully corroborated the previously documented pro-survival effect of CD27-CD70 interactions (20) and could be used to determine the underlying molecular mechanism.
CD27 directs expression of the Il2 gene in primed CD8 + T cells. We performed genome-wide mRNA expression profiling of primed CD8 + OT-I T cells to identify candidate CD27 target genes that might mediate its pro-survival effect. OT-I T cells were stimulated in comparative settings that had only CD27 signaling as a variable. Either WT OT-I T cells were used as responders and CD70 expression on the aAPCs was the variable or WT versus Cd27 -/-OT-I T cells were used as responders and CD70 expression on the aAPCs was constant (Figure 2A ). The aAPCs were furthermore used in 2 configurations: with and without CD80. In this way, we could examine the consequences of CD27 stimulation in the presence or absence of CD28 input and control for possible intrinsic differences between naive WT and Cd27 -/-T cells. Gene expression was followed kinetically at 2, 4, 8, and 14 hours after coculture with aAPCs. In addition, gene expression profiling was performed in a comparative setting of WT and Cd27 -/-OT-I T cells that had been primed in vivo (Figure 2A) . For this purpose, OT-I mice were immunized intranasally with OVA protein, and 3 or 4 days later, H-2K b /OVA 257-264 tetramer + T cells from mediastinal DLNs and spleen were flow-cytometrically purified. In all cases, the comparative mRNA samples were cohybridized to oligonucleotide arrays that represented 72% of all known mouse genes. CD27-regulated genes were identified on the basis of stringent criteria: they had to be differentially expressed with a P value less than 0.00003 and be found in at least 2 different experimental settings. A heat map was constructed that included in the hierarchy the fold differential expression and the number of experimental protocols in which the gene was found to be differentially expressed. In the comparative setting of WT versus Cd27 -/-OT-I cells, the Cd27 (Tnfrsf7) gene emerged as most strongly and consistently differentially regulated, confirming the validity of the approach (Figure 2A ). This analysis revealed a set of about 30 potential CD27 target genes (data not shown). This set did not include cell cycle regulators, in agreement with the concept that CD27 -at least in mouse T cells -primarily supports cell survival. The set also did not include defined apoptosis regulatory proteins. Interestingly, the Il2 gene emerged from this analysis as the most prominent CD27 target. It was at the top of the heat map and found in all 5 experimental settings, including the in vivo setting (Figure 2A ).
The gene array indicated the differential expression of Il2 mRNA among T cells that had or had not received a CD27 signal but was not an absolute measure. To assess the contribution of CD27 signaling to the total amount of Il2 mRNA produced, we performed quantitative real-time PCR on the mRNA samples of in vitro stimulated OT-I T cells that has also been used for the gene array experiments. The amount of Il2 mRNA produced was related to the amount of mRNA encoding the household enzyme hypoxanthine-guanine phosphoribosyltransferase (HPRT) to standardize the mRNA levels. In a setting with aAPCs that did not express CD80, varying CD70 on the aAPCs or varying CD27 on the responder T cells both revealed that CD27 signaling increased Il2 mRNA production in OT-I T cells, with a gradual increase in Il2 mRNA levels over time ( Figure 2B ). In a setting with aAPCs that did express CD80, CD27 signaling also contributed to Il2 mRNA production (Supplemental Figure 2) . However, Il2 mRNA production by Cd27 -/-OT-I T cells reached higher levels than when only CD70 was present on the aAPCs, indicating that CD28 signaling also contributed. Under the same conditions and in the same time frame, expression of Ifng or Tnf mRNA was not consistently enhanced by CD27 stimulation, indicating that CD27 specifically directed Il2 gene transcription (Supplemental Figure 2) .
At the protein level, differential production of IL-2 was detected by ELISA in the supernatants of the OT-I T cells that had been stimulated in the in vitro system. WT OT-I T cells produced significantly more IL-2 than Cd27 -/-OT-I T cells at all time points ( Figure 2C ). This was not due to higher numbers of WT OT-I T cells, since the differential IL-2 production was also found at early time points prior to cell division (24 and 48 hours). Moreover, it was expressed per 10 6 live cells. These results indicate that Cd27 -/-OT-I T cells were deficient in IL-2 production. WT OT-I cells also expressed higher levels of the IL-2 receptor α chain (CD25) than did Cd27 -/-OT-I cells at both 72 and 96 hours of culture ( Figure  2D ). This is in agreement with a documented feed-forward mechanism in which IL-2 upregulates expression of the CD25 gene (11) . We conclude that the induction of Il2 gene expression is a prominent function of CD27 on primed CD8 + T cells.
CD27 promotes IL-2 expression in CD8 + effector T cells after influenza virus infection.
To examine whether CD27 promoted IL-2 expression during an immune response in vivo, Cd27 +/-(control) and Cd27 -/-littermates were infected with influenza virus, and 8 or 10 days later, DLN, spleen, and lung were analyzed for virus-specific CD8 + T cells by staining with H-2D b /NP 366-374 tetramers. CD27 deficiency significantly impaired the accumulation of tetramer + CD8 + T cells with a CD62L lo/neg effector phenotype in DLN, spleen, and lung ( Figure 3A ), while numbers of tetramer + CD8 + T cells with a CD62L hi naive phenotype were unaffected (data not shown). To detect IL-2 production in effector CD8 + T cells, suspension cells from the indicated organs were restimulated in vitro using NP 366-374 peptide and stained for IL-2, together with IFN-γ as a marker for virus-specific effector cells, since costaining with tetramers is unsatisfactory (27) . Within this virus-specific effector CD8 + T cell population, the percentage of IL-2-expressing cells was determined. Results of this analysis are shown for spleen, where they revealed that in Cd27 -/-mice the frequency of IL-2 + cells among IFN-γ-producing effector CD8 + T cells was significantly lower than in control mice ( Figure 3B ). The combined effects of CD27 signaling on cell numbers and IL-2 production are shown in Figure 3C as absolute numbers of IL-2 + IFN-γ + CD8 + T cells in DLN, spleen, and lung. Taken together, these data indicate that CD27 signaling induces IL-2 protein expression in CD8 + effector T cells, which is manifest in vivo after influenza virus infection.
CD27 promotes survival of primed CD8 + T cells in vitro via IL-2/IL-2 receptor signaling.
IL-2 is an important cytokine that is primarily produced by primed T cells. It can stimulate cell cycle activity and counteract apoptosis via distinct and partially defined signaling pathways that emerge from the IL-2 receptor β and γ chains (2, 3). To analyze the contribution of IL-2/IL-2 receptor signaling to CD27-directed CD8 + T cell survival, we used the in vitro priming system. CFSE-labeled WT and Cd27 -/-OT-I T cells were stimulated with aAPCs that expressed CD80 and CD70, and numbers of live OT-I T cells and their division status were read out after 96 hours. As shown above (Figure 1 ), this system revealed that CD27 signaling promoted the survival of primed OT-I T cells (Figure 4 ). This survival completely relied on IL-2 receptor signaling, since blocking with anti-IL-2 receptor α-chain mAb PC61 at 10 μg/ml completely abrogated live yield of both WT and Cd27 -/-OT-I T cells. There was therefore no pro-survival effect of CD27 revealed in this system that was independent of IL-2 receptor signaling. Lack of CD27 on OT-I T cells did not impair the OT-I T cell response as dramatically as complete IL-2 receptor blocking. This indicates that there was a CD27-independent but IL-2-dependent survival signal in the system, which was most likely due to CD28 signaling. Live Cd27 -/-OT-I T cell yield was restored to WT levels upon addition of IL-2, in a dose-dependent manner (Figure 4) . The results of this complementation approach support the notion that the survival defect of primed Cd27 -/-CD8 + T cells in this in vitro expansion system is due to deficient IL-2 production.
We also examined the mechanism of survival signaling by CD27 using primary DCs as antigen-presenting cells. Conventional DCs were isolated from spleen, loaded with OVA protein, and simultaneously matured with LPS. Subsequently, they were cocultured with CFSE-labeled naive OT-I T cells. This was done in a control setting and in the presence of blocking anti-CD70 or anti-IL-2 receptor antibody. In addition, we included an agonistic soluble recombinant CD70 protein either alone or in combination with anti-IL-2 receptor antibody. At the 72-hour time point, cell division status of live OT-I T cells was read out (Supplemental Figure 3A) . This analysis revealed that also in this in vitro stimulation protocol, CD27-CD70 interactions did not affect cell cycle entry or activity, since CD70 blocking or CD27 stimulation with agonistic CD70 did not alter cell division status. However, the same reagents significantly altered live cell yield, with the blocking antibody to CD70 reducing it and the agonistic CD70 protein increasing it (Supplemental Figure 3A) . CD70 blocking reduced OT-I T cell survival to a similar extent as IL-2 receptor blocking. Moreover, anti-IL-2 receptor blocking fully abrogated the effect of agonistic CD70. The effects of CD27 stimulation and IL-2 receptor blocking in this model were more modest than when aAPCs were used but were statistically significant. We conclude therefore that also in the context of DCs, survival signaling by CD27 relied on IL-2 receptor signaling.
It was reported previously that -in an in vitro system of OT-I T cell priming in the absence of IL-2-IL-2 receptor interactions -CD27 costimulation prevented downregulation of the IL-7 receptor α chain (CD127) (28) . In our experimental protocol, no impact of CD27 on cell surface expression of the IL-7 receptor α chain was observed ( Figure 5A ). Addition of recombinant IL-7 enhanced the accumulation of live WT and Cd27 -/-OT-I cells, in agreement with a pro-survival effect of this cytokine on primed CD8 + T cells (28) . However, in contrast to IL-2, IL-7 did not rescue the survival defect of primed Cd27 -/-CD8 + T cells in this in vitro priming system ( Figure 5B ), underlining the specific role of IL-2 in CD27 costimulation. The collective findings indicate that CD27 mediates survival of primed CD8 + T cells in this in vitro system by stimulating IL-2 production. Figure 3A , a key phenotype we have documented previously in Cd27 -/-mice is the defective accumulation of primed CD8 + T cells following intranasal influenza virus infection (19) (20) (21) . Subsequent experiments by various groups have corroborated the importance of CD27/ CD70-dependent costimulation in mediating accumulation of CD8 + effector T cells in vivo (22, (29) (30) (31) . The identification of the Il2 gene as a CD27 target gene and the discovery that IL-2 was fully responsible for the pro-survival effect of CD27 on primed CD8 + T cells in vitro prompted us to test whether it is IL-2 that mediates the CD27-dependent accumulation of effector CD8 + T cells in vivo. For this purpose, we used the F5 mouse strain as donor, since it expresses a transgenic TCR specific for the immunodominant influenza NP 366-374 peptide in the context of H-2D b . The IL-2 cDNA was stably expressed in WT or Cd27 -/-F5 CD8 + T cells by retroviral transduction, which required in vitro stimulation with ConA and IL-7. The retroviral vector directed bicistronic expression of GFP or yellow fluorescent protein (YFP), which allowed us to flow-cytometrically sort transduced cells prior to adoptive transfer and to track them in vivo. Sorted cells were transferred into Cd27 -/-recipient mice, which were subsequently infected with influenza virus. At day 8 after infection, responses were analyzed by flow cytometry and cell counting ( Figure 6A ). In one experimental protocol, WT F5 T cells were transduced with an empty vector encoding YFP, and Cd27 -/-F5 T cells were transduced with an empty vector encoding GFP. These cells were mixed at a 1:1 ratio and transferred into the same recipient mice. Cd27 -/-F5 T cells transduced with a vector encoding IL-2 IRES GFP were transferred into different recipient mice. The gating strategy to identify these populations is shown in Figure 6B . Side-by-side comparison revealed that at day 8 after infection, WT F5 T cells had accumulated to significantly higher numbers numbers in DLN, spleen, and lung of the same recipient mice than Cd27 -/-F5 T cells ( Figure 6C ). This indicated that Cd27 -/-F5 T cells had a cell-intrinsic defect that could not be restored by neighboring WT cells. Strikingly, IL-2-reconstituted Cd27 -/-F5 T cells accumulated to WT levels in the lung, indicating that IL-2 could correct their survival defect in this organ ( Figure 6C ). However, IL-2-reconstitution did not correct the accumulation deficit of Cd27 -/-F5 T cells in DLN or spleen ( Figure 6C ). In a second experimental protocol, we compared side-by-side in the same recipients the accumulation of WT F5 cells with empty vector and Cd27 -/-F5 T cells that had been reconstituted with the IL2 gene. This analysis corroborated that IL2 gene reconstitution restored the accumulation of Cd27 -/-F5 T cells to WT levels ( Figure 6D ). Next, we performed an essential control, which was to test whether WT F5 T cells profited from IL2 gene transfer to a similar extent as Cd27 -/-F5 T cells. Importantly, retroviral IL-2 expression in WT F5 T cells did not alter their accumulation in the lung after influenza virus infection ( Figure 6E ). This indicated that IL2 gene expression specifically complemented CD27 deficiency. The collective data suggest that the defective accumulation of Cd27 -/-effector CD8 + T cells at the tissue site is due to defective IL-2 production.
IL2 gene reconstitution rescues accumulation of virus-specific Cd27 -/-CD8 + T cells at the tissue site. As illustrated in
CD27 mediates survival at the tissue effector site via an autocrine IL-2 pathway. We next examined whether the IL-2 that is ordinarily produced under control of CD27 signaling promotes effector CD8 + T cell survival via a paracrine or an autocrine mechanism. In this experiment, we also tested whether the effect of IL-2 reconstitution manifested itself on a polyclonal T cell repertoire. For this purpose, T cells from non-TCR transgenic Cd27 -/-mice were transduced with the YFP-encoding empty vector or the GFP-encoding vector containing IL-2 cDNA and injected at a 1:1 ratio into Cd27 -/-recipient mice ( Figure 7A ). The question in this case was whether the empty vector-transduced cells would profit from the IL-2 produced by the reconstituted cell population, i.e., whether IL-2 could act in a paracrine fashion. At day 8 after influenza virus infection, empty vector (YFP + ) and IL-2-expressing (GFP + ) effector CD8 + T cells were enumerated.
In the lung, but not in DLN or spleen, the IL-2-reconstituted CD8 + effector T cells accumulated to significantly higher numbers than the empty-vector-transduced cells that were present at the same location ( Figure 7B ). This experiment confirmed that IL-2 selectively promoted effector CD8 + T cell accumulation at the tissue site and could overcome the survival defect in Cd27 -/-T cells. Moreover, it shows that IL-2 improves effector CD8 + T cell accumulation in the infected tissue via an autocrine mechanism.
Discussion
In this study, we demonstrate that CD27 instructs primed CD8 + T cells to express IL-2. Provision of IL-2 in the medium corrected the survival defect of Cd27 -/-CD8 + T cells in vitro, and genetic reconstitution with the IL2 gene corrected the survival defect of Cd27 -/-CD8 + T cells at the tissue site in vivo. These findings indicate that CD27 can promote effector CD8 + T cell survival by directing IL-2 production ( Figure 7C ). After intranasal infection with influenza virus, expression of CD70, 4-1BB ligand, and OX40 ligand is induced on B cells and DCs in the lung (19) . This fits with a role of these receptor-ligand interactions in maintaining effector CD8 + T cells at the tissue site. Indeed, we have documented in this model that the accumulation and maintenance of influenza virus-specific CD8 + T cells in the lung throughout the course of an acute infection relied strongly on CD27 signaling and to a lesser extent on 4-1BB. There was also a contribution by OX40, but this was exerted throughout the contraction or memory phase and impacted only virus-specific memory CD8 + T cells numbers (19). Therefore, among these 3 receptor-ligand systems, the CD27-CD70 system is of the greatest importance for effector CD8 + T cell survival at the tissue site in this physiological mode of virus infection. The mechanism by which the closely related TNF receptor family members CD27, 4-1BB, and OX40 support T cell survival is expected to be similar, given that they employ highly homologous signaling mechanisms (4) .
Our data provide a direct connection with the work of D'Souza et al., who studied the relevance of IL-2 production for the primary CD8 + T cell response to viral infection, soluble protein, or tumor antigen in vivo, using T cells from IL-2-or CD25-deficient mice. They showed that regardless of the context of antigen delivery, IL-2 signaling was dispensable for initiation of CD8 + T cell cycling but required for sustained expansion. This requirement was consistently more apparent in nonlymphoid tissue than in secondary lymphoid organs (15) . In a follow-up study, they corroborated that autocrine IL-2 dictates the accumulation of virusspecific CD8 + T cells in tertiary, but not lymphoid, tissues (16) . Our study reveals that CD27 is a key factor in directing the autocrine IL-2 production that is required for the survival of effector CD8 + T cells in nonlymphoid tissue.
CD27 deficiency compromised survival of virus-specific effector CD8 + T cells in the lung but also impaired their accumulation in DLN and spleen, as documented here and in our previous work (19) (20) (21) . Reconstitution with the IL2 gene rescued the survival of these cells in the lung, but not in DLN or spleen. Using the reconstitution approach, we could not conclusively test the relevance of IL-2 for survival of CD8 + T cells in the priming lymphoid organs, since the T cells used for adoptive transfer were not naive. They had to be activated in vitro to allow for retroviral transduction. Therefore, their requirements for in vivo survival may be different from those of endogenously primed CD8 + T cells at early stages. Comparing the responses of Cd28 -/-and Cd27 -/-CD8 + T cells in DLN of influenza virus-infected mice, we have previously found that CD27 contributed to clonal expansion in the DLN to the same extent as CD28. CFSE labeling indicated that CD27 supported survival of primed CD8 + T cells throughout successive divisions after priming (20) . Given the available data on the IL-2 independence of initial clonal expansion (13-16), we favor the interpretation that CD27 supports initial clonal expansion in lymphoid tissues via a mechanism other than autocrine IL-2 production. Our in vitro system was fully IL-2 dependent and was therefore not suitable to study such a mechanism. However, Carr et al. have previously documented an IL-2-independent pathway for CD27/CD70-mediated clonal expansion of CD8 + (OT-I) T cells in vitro that was revealed in presence of IL-7 (28). They found that CD27 stimulated cell division in this system, which we have not observed using adoptive transfer of CFSE-labeled influenza virus-specific CD8 + T cells in vivo (20) . There is evidence that it is not IL-7, but possibly rather IL-15 that plays a role in IL-2-independent clonal expansion at early time points after priming (13) . It is hoped that in vitro conditions with a cytokine milieu that approximates the situation in lymphoid organs can be used in the future to investigate the alternative mechanism(s) by which CD27 supports the accumulation of antigen-specific T cells in priming organs. Additional work is needed to delineate the intracellular molecular pathways by which CD27 directly or indirectly (via IL-2) can support activated T cell survival. Gene array analysis did not provide obvious clues with regard to regulation of apoptosis regulatory proteins at the transcriptional level at early time points after priming. However, mRNA expression profiling provides only partial insight in the cellular response, since effects at the posttranslational level are not revealed. Ongoing work indicates that CD27 signaling increases the expression of the antiapoptotic protein Bcl-x L , which is in line with findings in human CD4 + T cells (32) . Its role in survival signaling by CD27 -be it directly or via IL-2 receptor signaling, which also involves Bcl-x L upregulation (33) -is under investigation.
Carr et al. found that in the absence of IL-2, the clonally expanded cells did not differentiate into IFN-γ-producing cells (28) . From these findings, the authors have proposed a hypothesis that CD27 on CD8 + T cells allows for their development into central memory cells, avoiding the differentiation-inducing effects of IL-2 (34). Our data do not contradict such a scenario, even though it seems counterintuitive, given the identification of the Il2 gene as CD27 target gene. Regardless of the mechanisms involved, it is clear that CD27-CD70 interactions are an important determinant for the formation and secondary expansion of CD8 + memory T cells. CD27 deficiency impairs CD8 + memory T cell formation and secondary responsiveness (19) . Accordingly, deliberate CD70 expression or soluble agonistic CD70 counteracts contraction (35, 36) . In the human system, loss of CD27 expression is used as a marker for terminally differentiated effector/memory cells (37) . In adoptive T cell therapy trials of HIV-infected individuals and in melanoma patients, CD27 expression was a hallmark of the primed CD8 + T cells that survived long term, in contrast to their CD27-negative counterparts (38, 39) . Thus, in both human and mouse, CD27 is associated with long-term survival of previously activated CD8 + T cells. In humans, this was also associated with a capacity of CD27 + CD8 + T cells to secrete IL-2 upon TCR restimulation (38) .
The contribution of CD27-CD70 interactions to memory CD8 + T cell formation and secondary responsiveness has been delineated to a significant extent in mouse models and involves contributions of CD27 on the CD8 + T cells themselves, as well as on CD4 + T cells, which can provide help in the memory CD8 + T cell response. In the first place, CD27 deficiency impairs secondary expansion of adoptively transferred memory CD8 + T cells (19) . While this may indicate a requirement for CD27-CD70 interactions during the secondary response, there may also be a role for CD27-CD70 interactions in programming CD8 + T cells for optimal secondary expansion during the primary response (40) . Given the proposed role of IL-2 in CD8 + memory programming (41), it is attractive to speculate that in this scenario, CD27 signaling into CD8 + T cells allows for the required IL-2 production. Under normal conditions of transient CD70 expression on DCs, CD4 + T cells are required for memory programming (42) . Interestingly, a link between CD27 and IL-2 production also exists in this case. We have shown that CD27 on CD4 + T cells is essential for the delivery of CD4 + T cell help and directs IL-2 production in CD4 + T cells (43) . Moreover, CD27 also directs the expression of MS4A4B, a molecule that we have linked to the "helped" status of memory CD8 + T cells and is instrumental in IL-2 production (43). Other researchers have also found a link between CD27 and IL-2 in memory CD8 + T cell programming. They have demonstrated that CD4 + T cell help is required for maintenance of CD27 expression on memory CD8 + T cells, which facilitated IL-2 expression upon secondary expansion (44) .
The collective data indicate that the IL-2 production that is directed by CD27-CD70 interactions plays an important role in promoting CD8 + T cell immunity to viral and tumor challenge. In particular, its role in the maintenance of effector CD8 + T cells in nonlymphoid tissue and its role in the memory response have important implications not only for vaccination strategies in viral infections but also for the treatment of cancer. This is alluded to by the observation that the size of the CD27 + CD8 + T cell pool in bulk tumor-infiltrating lymphocytes was positively correlated with tumor regression in melanoma patients (39) . This knowledge opens up various avenues for therapeutic intervention. on ice. Cells were washed and resuspended in IMDM with 2% FCS and sorted by flow cytometry for GFP or YFP and CD8. The resulting purified transduced CD8 + T cells were suspended in HBSS and injected intravenously into each recipient mouse at the indicated cell number in 100 μl. In the experiments in Figure 6 , 5 × 10 3 sorted F5 donor cells were injected per experimental group. In the experiment in Figure 7 , 5 × 10 5 sorted nontransgenic donor T cells were injected per experimental group.
Antigen challenge in vivo. Mice were infected intranasally with 25 hemagglutinin units of influenza virus strain A/NT/60/68 as described previously (19) (20) (21) . Alternatively, mice were immunized intranasally with 500 μg OVA protein plus 1 μg cholera toxin (Sigma-Aldrich) in 50 μl HBSS (43) .
Gene expression profiling. RNA extraction, amplification, and hybridization were performed as described previously (43) . Microarrays spotted with the Operon v3 oligonucleotide library were obtained from the central microarray facility of The Netherlands Cancer Institute (http://microarrays.nki.nl). Microarrays were scanned on an Agilent Technologies scanner, and data extraction was done using Imagene 6.0 software (BioDiscovery). Each experiment consisted of 2 microarrays, to allow for dye reversal between the samples, thus reducing systemic errors due to oligonucleotide-specific dye preferences. The heat map in Figure 2A was created using TIGR (The Institute for Genomic Research) MultiExperiment Viewer software, version 3.1. Genes were included in the analysis when found to be differentially expressed with a P value less than 0.00003 in at least 2 different experimental protocols. Hierarchy in this list was determined by the fold differential expression (M value) and the number of experimental protocols in which the gene was found to be differentially expressed. The P value is based on various parameters, including signal intensity (A value), ratio of representation (M value), and signal quality.
Statistics. Significance in Figures 1-3, 6 , and 7 was measured using 2-tailed Student's t test. Differences were found to be significant when P was less than 0.05.
